After COP 21, with the adoption of the Paris Agreement in December 2015, the outlook for carbon pricing policies has been widened. While the agreement does not directly establish a global carbon pricing, the provisions accounted for in Article 6 have the potential to increase international cooperation in favor of greenhouse gas (GHG) mitigation through market mechanisms. The Brazilian Nationally Determined Contribution (NDC) considers the use of such mechanisms, though the configuration of the Brazilian climate policy does not specify the economic instruments for carbon pricing. When examining the recent evolution of GHG emissions in Brazil, the already achieved reduction in deforestation sheds light on the need to address GHG mitigation in other sectors, such as industry. Therefore, this paper analyzes the impacts of carbon pricing on the Brazilian industry in terms of sectorial value added (VA), emissions intensity, international trade exposure, and the risk of carbon leakage. Results indicate that, considering a price of carbon of US$10/tCO 2 , the cost of reducing emissions from 35% to 45% (same range of the Brazilian NDC) could represent an impact of 0.3% to 3.7% on sectorial VA. However, results for emissions intensity and international trade reveal medium to high carbon leakage risks for all analyzed industrial sectors.
Introduction
Climate change is one of the greatest economic and political challenges faced by the world economies today [1] . It implies the need to reconcile the global nature of the problem with actions at regional, national, and/or local levels [2] [3] [4] . Impacts of climate change have increasingly been gaining a central role in political, economic, social, and environmental discussions, as countries, by signaling the transition to a low carbon development model, are looking for solutions and mechanisms to reduce emissions of greenhouse gases (GHG) that are technically and economically feasible [5] .
With pressure on governments to urgently "decarbonize" the global economy, policy makers have turned to market solutions to reduce the carbon intensity of the economy [6] [7] [8] [9] . In international discussions, there is a strong debate about alternative policies and instruments that can be used to put a price on carbon and signal to economic agents a development path based on low carbon emissions [10, 11] . Policy makers have at their disposal command-and-control measures and market-based instruments. The latter includes the commercialization of GHG emissions permits (emissions trading schemes-ETS)
Carbon Pricing Instruments in the Brazilian Climate Policy Framework
The (monetary) internalization of external costs should consider how to value these costs and which environmental policy instruments should be used to achieve the optimal level of pollution (social optimum) [20] . In this sense, the classical environmental policy instruments can be classified as command-and-control instruments (mandatory) or market instruments (incentives). The main differences between them are their cost-effectiveness, costs associated with monitoring, equity and distribution, flexibility, and level of information required [8, 10, 21, 22] . Market instruments are seen as cost-effective when compared to command-and-control instruments, since they reach the environmental goal at the lowest abatement cost, given by the equalization of the marginal abatement cost among the different firms [6, 23, 24] . Compared to command-and-control mechanisms-like technological, efficiency, and emissions standards-economic instruments provide flexibility to pollutants in order to choose the economically best alternative to achieve the objectives of improving environmental quality and their timing [21, 25, 26] .
Defining and Designing Carbon Pricing Instruments
Carbon pricing is based on the 'polluter pays' principle, which defines responsibility and establishes a cost for GHG emissions, internalizing the negative externality. This principle can be implemented through fiscal policies, for example a carbon tax, or by establishing a carbon market or a pollution trading system, known as emission trading schemes (ETS). By determining a price for GHG emissions, firms are encouraged to change their production processes to reduce their emissions per unit of output. These policies also affect consumer decisions, because rising prices of carbon-intensive goods encourage changes in consumption patterns toward less carbon-intensive goods.
These two instruments set the price differently [3, 13] . Under a carbon tax, the price of carbon (sometimes only CO 2 , sometimes CO 2e ) emissions is defined directly by the regulatory authority. On the other hand, in the ETS, the amount of emissions is defined, rather than the price. That is, the price of emissions is set indirectly: the regulatory authority determines the total allowed amount of emissions and then the price is established by the supply and demand of licenses in the carbon market [26] . Some other issues are also relevant in designing a CPI, such as allocation methods, recycling policies, sectorial coverage, GHG reduction goals, MRV system, among others.
Although there is broad agreement among economists about the potential advantages of pricing GHG emissions, there is an intense debate as to which would be the best CPI option: ETS or carbon tax. Researchers and academics offer different perspectives on which instrument is better. For instance, some argue that a carbon tax is a more efficient method than an ETS, by stating that such a policy can act directly on issues related to equity and distribution, through different forms of recycling revenues [27] [28] [29] [30] [31] [32] . In addition, the tax value is known by all economic agents and it does not change frequently as in the ETS, offering more security and stability [33] [34] [35] [36] . Others, however, believe that the ETS is a more interesting instrument, since it is more cost-effective and dynamically efficient [6, 7, 25, [37] [38] [39] [40] [41] [42] . Some also argue that it provides opportunity for non-polluters, encouraging efficiency gains [43] [44] [45] [46] [47] [48] .
Carbon Pricing in the Brazilian Climate Policy
In Brazil, the National Policy on Climate Change (NPCC) promulgated through Law 12,187 of 29 December 2009 is the regulatory framework that guides the government under the climate change institutional arrangement. The NPCC aims to reduce anthropogenic GHG emissions and strengthen carbon removal through national sinks and foster measures that promote adaptation to climate change. Article 12 of the NPCC specifically states that the country has adopted GHG mitigation targets from 36.1% to 38.9% of its 2020 projected emissions as a voluntary commitment [49] . This goal should be achieved through sectorial plans for adaptation and mitigation of climate change that consider sectorial specificities. Brazil is also implementing its NPCC through a broad range of integrated policies and programs, including command-and-control measures, economic incentives, and public and private investments. However, changes in the emissions profile-as will be shown in Section 4-and potential new mitigation policies for the post 2020 period indicate the need to explore new economic instruments. In this context, the Brazilian Federal Government has shown an interest in analyzing CPI frameworks and assessing their potential impacts on the Brazilian economy [6, 50, 51] .
Article 5 of the NPCC states that "the use of financial and economic mechanisms that are national in scope and referring to mitigation and adaptation to climate change" will be encouraged, emphasizing (in Article 6) that such mechanisms are among those already existing within the framework of the United Nations Framework Convention on Climate Change (UNFCCC), which must present environmental standards and quantifiable and verifiable targets [49] . Brazil already has a legal framework including the use of economic instruments as mechanisms for environmental protection, besides having experience in destining part of taxes collected for social and environmental purposes-for example, Ecological Tax on Circulation of Goods and Services (Ecological ICMS) and Contribution of Intervention in the Economic Domain-Fuel (CIDE Fuels). However, Article 6 (item VI) of the NPCC also refers to the possibility of taxing emissions. According to the paragraph, "fiscal and tax measures to encourage the reduction of emissions and removal of greenhouse gases, including differentiated rates, exemptions, compensations, and incentives, to be established in a specific law" may be used. Nevertheless, given the complexity of the tax system and the high tax burden, any attempt on taxing emissions will face resistance from citizens and companies [52] .
Nonetheless, the NPCC also refers to the possibility of adopting a market system for trading emission certificates. In Article 4, item VIII, it is affirmed that "the development of the Brazilian Emission Reduction Market (MBRE) will be fostered" [50] . Another reference to the use of an ETS occurs in Article 9, which states that this market "will be operationalized in commodities and futures exchanges, stock exchanges and organized over-the-counter entities authorized by the Securities and Exchange Commission (CVM), where securities will be negotiated representing certified greenhouse gas emissions avoided". In addition, Decree 7.390 (Decree 7.390/2010 regulates some articles of the NPCC and imposes targets for GHG emissions from economic sectors), dated 9 December 2010, states in its Article 4, Item V, Caption 3 that "sectorial targets may be used as parameters for the establishment of the Brazilian Emission Reduction Market-MBRE". No reference to possible fiscal or tax measures of carbon is presented in this decree [53] .
In addition, the Brazilian government presented its NDC at the 21st Conference of the Parties (COP 21) in 2015, whose main result was the establishment of the Paris Agreement. Through this document, Brazil indicated the intention of reducing GHG emissions by 37% below 2005 levels by 2025, with a subsequent indicative contribution to reduce emissions by 43% below 2005 levels by 2030. The target levels were not established in terms of sectorial commitments, however, for internal purposes, it indicates the expected effort from each sector, considering planning objectives and the feasibility of the mitigation effort [50, 51] . The NDC document considers the use of economic mechanisms, but the configuration of the Brazilian climate policy is not clear in terms of economic instruments for carbon pricing. As stated in the NDC document, "Brazil reserves its position regarding the possibility of using any market mechanisms that may be established under the Paris Agreement" [51] .
Therefore, from the analysis of the official documents associated with the design of the country's climate policy, it is not clear how this policy will be designed in terms of economic mechanisms and instruments for carbon pricing to reach the goals assumed by the country. Actually, the Brazilian Ministry of Finance (MF) is in charge of coordinating the Partnership for Market Readiness (PMR) project in Brazil (the International Bank for Reconstruction and Development (IBRD) has established the PMR through a trust fund supported by capacity-building grants), aiming at assessing the suitability and feasibility of CPI implementation and their impacts on the Brazilian economy [54] . This includes conducting sectorial studies focusing on the electricity, fuel, industry, and agriculture sectors/subsectors, as well as drawing up proposals for different CPI designs in order to help evaluate the potential impacts of different options. This paper aims to support this goal.
Methods
As discussed in Section 2, CPI implementation in Brazil is still under discussion. Thus, the analysis of the economic and sectorial impacts of CPI on the country's industrial sector should be seen as theory, based on a qualitative assessment or a quantitative modeling (input-output matrix or a computable general equilibrium-CGE, for example).
This study focuses on developing quantitative indicators of industrial vulnerability to CPI. These indicators were built from the primary data from public institutions, such as the Ministry of Mines and Energy (MME); Ministry of Science, Technology and Innovation (MCTI); Ministry of Finance (MF); Ministry of Development, Industry and Commerce (MDIC); the Brazilian Institute of Geography and Statistics (IBGE); the National Development Bank (BNDES); and National Industry Confederation (CNI), among others [13, [55] [56] [57] [58] [59] [60] [61] [62] [63] . When related to international experiences, other sources were also used [64] [65] [66] [67] , as detailed in the following subsections.
The methodological procedure of this study is divided into three steps, as represented in Figure 1 : (i) sectorial characterization; (ii) comparison with international benchmarks in terms of GHG emissions; and (iii) definition of indicators for the analysis of CPI impacts on Brazil's industrial sector. 
Sectorial Characterization
The Brazilian industry characterization is based on data from the National Industry Confederation [55] . This includes the share in the world exports of manufactured products, the share in the world value added of manufactured goods and the productivity of the effective work [55] . In addition, in the context of climate policy and carbon pricing, the characterization of the country's industry also includes a sectorial emissions analysis. In this case, primary data from the Third Brazilian Inventory of Anthropogenic Greenhouse Gas Emissions and Removals [56] is used. Emissions data covers the major Brazilian industrial sectors, that is, non-ferrous metals (includes aluminum subsector), non-metallic minerals (includes cement, lime and glass subsectors), iron and steel, pulp and paper, and chemicals. These sectors are considered equally in the National Industry Plan [57] , developed by the Ministry of Development, Industry and Commerce (MDIC), according to the classification of the Third Brazilian National Inventory [56, 68] .
Emissions Intensity Benchmark
The average emission intensity (sectorial or by product), or an index based on the most efficient companies, can be adopted as benchmark for establishing a CPI. This benchmark can provide incentives for preventive actions and long-term efficiency gains, but the method can be data intensive, especially in the absence of large data series. Thus, international benchmarks can be useful, because public data is available, providing the analyst (regulator) with the information needed. Furthermore, most Brazilian industrial processes are based on mature processes, following consolidated international technological portfolios. As such, the position of the Brazilian industry in terms of emissions intensity can provide relevant information about the vulnerability of the industrial sectors to a possible carbon pricing. Due to these reasons, this study compares the global and the national averages for emissions intensity, in metric tons of CO2 per tons of product. For the global average emissions intensity, data is collected from the international literature [64] [65] [66] [67] , while, for the Brazilian average emissions intensity, it is retrieved from the Ministry of Mines and Energy, Ministry of Science, Technology and Innovation, National Development Bank, as well as on some other industry sectorial reports [13, [59] [60] [61] [62] [63] 69] .
Definition of Indicators
Finally, this study analyzes the impacts of different carbon values (implicit or explicit prices) on the Brazilian industry, through the use of indicators. Three indicators were developed: (i) the impacts of carbon pricing in terms of VA; (ii) the emissions intensity; and (iii) the international trade exposure. The choice of these indicators is based on the international experience (and literature) concerning climate policy and CPI implementation, that is, they are widely used in these contexts [70] [71] [72] .
Sectorial Value Added (VA)
The estimated impacts of the cost of carbon pricing on the VA express the relative weight of the cost of carbon on the rents of the production factors, notably, capital and labor. It is given by the ratio 
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Definition of Indicators
Finally, this study analyzes the impacts of different carbon values (implicit or explicit prices) on the Brazilian industry, through the use of indicators. Three indicators were developed: (i) the impacts of carbon pricing in terms of VA; (ii) the emissions intensity; and (iii) the international trade exposure. The choice of these indicators is based on the international experience (and literature) concerning climate policy and CPI implementation, that is, they are widely used in these contexts [70] [71] [72] . The estimated impacts of the cost of carbon pricing on the VA express the relative weight of the cost of carbon on the rents of the production factors, notably, capital and labor. It is given by the ratio of the carbon cost to VA and it is calculated for different carbon prices (US$10/tCO 2 , US$25/tCO 2 , and US$50/tCO 2 ), reflecting a range typically found in the literature and in the carbon pricing international experiences put in place so far [6, 24, [73] [74] [75] [76] . The carbon cost to VA considers full emissions of the year 2010 and, thus, is a conservative indicator that assumes that the cost is fully absorbed by the industry, i.e., without considering any mitigation measure. For the calculation of the carbon cost, primary data from the sectorial emissions reported in the Third National Communication [68] and the VA reported by the Brazilian Institute of Geography and Statistics (IBGE) [69] , expressed in US$ millions for the year 2010, is considered. The results represent the cost of carbon in relation to the VA-i.e., how much the carbon pricing could impact the return on the production factors (capital, labor) of these industries-under the conservative assumption that the sector does not abate any emissions.
Another possibility of interpreting the impacts on the VA is to simulate a carbon price according to different levels of reduction in absolute emissions. This alternative analysis shows the effects (in terms of % of the VA) of internalizing a carbon price for the year 2010. The priced emissions are the total emissions minus the reduction of emissions varying from 0% to 45%. This range roughly expresses the abatement potentials found in a study led by the Ministry of Science, Technology and Innovation [14] and covers the abatement of emissions needed to reach Brazil's NDC targets (37% and 43%). The indicator is calculated for different carbon prices, from US$10/tCO 2 to US$50/tCO 2 .
Emissions Intensity, International Trade Exposure, and Risk of Carbon Leakage
Both emissions intensity and trade exposure are useful indicators to qualitatively analyze the impacts on industrial competitiveness and assess the risk of carbon leakage. The risk of carbon leakage represents the potential transfer of production activities that emit GHG to other regions due to the adoption of carbon control policies. Usually, industries will look for locations with less stronger regulation to transfer their activities to, avoiding loss of competitiveness [71] . Assessing this potential transfer is a complex task. It involves market power exertion, i.e., the ability to pass through compliance costs. Thus, emissions and trade intensities can provide qualitative metrics for assessing this risk. Emissions intensity indicates the ratio of sectorial emissions over the VA, as shown in Equation (1) below.
The ability to pass-through compliance costs also depends on the sectorial exposure to international trade. Since trade is dynamic, technical difficulties arise when developing precise price metrics [72] . Thus, the international experience relies on trade share metrics to measure the cost pass-through ability [70] . Trade exposure is an indicator that expresses, through the export and trade shares, sectorial dependence on the international trade. It also represents trade intensity and the exposure of the sectorial production to international trade. Equations (2) and (3) show the export share and the trade share indicators, respectively. The export share represents the sectorial export (or import) orientation, for which values above 50% indicate that a sector is export oriented. The export share (%X i ) indicator is equal to the sectorial exports (X i ) divided by the sum of sectorial imports (M i ) and exports (X i ). Similarly, the trade share expresses sectorial trade orientation, that is, how much the trade activity is relevant for the sector in relation to its total imports or its gross output (depending on the denominator). In this analysis, the trade share (Si) indicator is equal to the sum of M i and X i over the gross output (Yi), for which values above 50% represent propensity to trade.
Furthermore, by applying the indicators associated with emissions intensity, trade exposure and the risk of carbon leakage, this paper adopts a similar classification as the California Air Resources Board (CARB) methodology [70] . Notwithstanding, it relies on different thresholds than CARB does in its classification (CARB classifies emissions intensity (MtCO 2 e/Value Added) in high (≥5000), medium (between 1000 and 4999), low (between 100 and 999) and very low (<100)). Here, the emissions intensity classification is based on a narrower range, mainly due to a smaller sample: low (<1000); medium (from 1000 to 2499); and high (>2500). Regarding trade exposure classification, this paper also adopts different thresholds. Three categories are defined for export and trade shares: low (<10%); medium (from 10% to 24.9%); and high (>25%). To qualify the risk of carbon leakage, a combination of the indicators (emissions intensity and trade exposure) is used, following the CARB methodology. Such methodology describes that the amount of free allocation permits, during predetermined periods, is defined according to the exposure of the industrial sectors to risk [70] . As shown in Table 1 , the risk of carbon leakage for each industrial sector is classified into three different categories-low, medium, and high-depending on the results for emissions intensity and trade exposure. 
Results
This section presents the results in terms of characterization of the Brazilian industry and the impacts of carbon pricing over this sector. The former analysis focuses on the emissions profile and international emissions intensity comparison. The latter aims at assessing some indicators on carbon pricing impacts. These indicators are sectorial value added (VA), emissions intensity, international trade exposure, and risk of carbon leakage.
Characterization of the Brazilian Industry
In the last decade, the competitiveness of the Brazilian industry has fallen considerably in the global scenario, a tendency evidenced by the deterioration of indicators such as the country's participation in the world exports of manufactured products, its share in the world value added of manufactured goods and the productivity of the effective work [55] . Thus, an analysis of the sectorial GDP reveals that the industrial sector has reduced its (relative) participation in economic production. The general fall, however, does not mean that industry has been producing less, but that the services sector is growing more rapidly [77] . The Brazilian industry has a high degree of economic linkage with other sectors and it is highly sensitive to macroeconomic policies [78, 79] . Despite the relative contraction of the sector, the industry maintains its relevance to the national economy: in 2015, industry accounted for 15.7% of jobs in the country and 38.1% of national exports [55] .
There is, however, no coherent framework of measures and policies to requalify and sustain a new growth cycle in the Brazilian industrial sector [17] . Such a gap becomes more relevant in the context of the consolidation of the low carbon economy, in which new competitiveness variables, such as energy and carbon intensity, can create unprecedented pressures for the sector.
Industry Emissions Profile
Considering sectorial emissions, if in recent decades the Brazilian industry has lost its relative position in the national economy, its GHG emissions gained importance as deforestation decreased (participation in net CO 2 emissions from land use, land use change, and forestry reduced from 83.4% in 2005 to 42% in 2010 [56] ). In 1990, the industrial sector accounted for 8.5% of the total GHG emissions (including fuel combustion and industrial processes), while in 2010 it reached 22.6% [56] . Figure 2 presents the total Brazilian GHG emissions in 1990, 1995, 2000, 2005, 2010 , and 2014 (the latest available year by the Ministry of Science, Technology and Innovation (MCTI) [14] ). The increase in both energy and industrial process emissions reflects the growth of the Brazilian economy (activity effect) throughout the period. Contrary to that evolution, there was a reduction in emissions from land use, land-use change, and forestry (LULUCF) after 2005, due to the decrease in deforestation. However, it remains to be seen whether this trend will reverse in the next decade due to governmental policies favoring land grabbing in Brazil implemented over the last three years [58] . This deforestation emission reversal trend can certainly pose new challenges to Brazil's industrial sector to mitigate GHG emissions [58] . There is, however, no coherent framework of measures and policies to requalify and sustain a new growth cycle in the Brazilian industrial sector [17] . Such a gap becomes more relevant in the context of the consolidation of the low carbon economy, in which new competitiveness variables, such as energy and carbon intensity, can create unprecedented pressures for the sector.
Considering sectorial emissions, if in recent decades the Brazilian industry has lost its relative position in the national economy, its GHG emissions gained importance as deforestation decreased (participation in net CO2 emissions from land use, land use change, and forestry reduced from 83.4% in 2005 to 42% in 2010 [56] ). In 1990, the industrial sector accounted for 8.5% of the total GHG emissions (including fuel combustion and industrial processes), while in 2010 it reached 22.6% [56] . [14] ). The increase in both energy and industrial process emissions reflects the growth of the Brazilian economy (activity effect) throughout the period. Contrary to that evolution, there was a reduction in emissions from land use, land-use change, and forestry (LULUCF) after 2005, due to the decrease in deforestation. However, it remains to be seen whether this trend will reverse in the next decade due to governmental policies favoring land grabbing in Brazil implemented over the last three years [58] . This deforestation emission reversal trend can certainly pose new challenges to Brazil's industrial sector to mitigate GHG emissions [58] . As mentioned before, the Brazilian NDC [50, 51] proposes a reduction of 37% by 2025 and 43% by 2030 in GHG emissions in relation to 2005 levels. The NDC quantifies some specific measures, such as reforestation and increase in the share of bioenergy in the Brazilian energy system. However, regarding the industrial sector, there is no precise quantification. Brazil's NDC only mentions that the industrial sector should promote mitigation actions based on new clean technologies standards, energy efficiency measures, and low carbon infrastructure [51] . In fact, a less stringent target for Brazilian industry is only achievable due to the abatement measures of the agriculture, forestry and other land use (AFOLU) sectors, especially deforestation reduction targets [58] . Thus, the AFOLU abatement measures, which could possibly configure carbon offsets, would ensure broader caps for the industrial sector. Thus, a stronger (political) position by the Brazilian industrial sector against deforestation seems a natural least cost strategy [58] , reducing the impacts of an eventual CPI over its competitiveness in the mid-run (or at least until 2030), since there would be more room left for increasing the industrial sector emissions.
International Emissions Intensity Comparison
Benchmarks can provide a basis for the allocation of permits in an ETS [6] , usually based on the (past) production of (reference) companies. Table 2 compares the world and the Brazilian averages on emissions intensity, in tons of CO2 per tons of product. As mentioned before, the Brazilian NDC [50, 51] proposes a reduction of 37% by 2025 and 43% by 2030 in GHG emissions in relation to 2005 levels. The NDC quantifies some specific measures, such as reforestation and increase in the share of bioenergy in the Brazilian energy system. However, regarding the industrial sector, there is no precise quantification. Brazil's NDC only mentions that the industrial sector should promote mitigation actions based on new clean technologies standards, energy efficiency measures, and low carbon infrastructure [51] . In fact, a less stringent target for Brazilian industry is only achievable due to the abatement measures of the agriculture, forestry and other land use (AFOLU) sectors, especially deforestation reduction targets [58] . Thus, the AFOLU abatement measures, which could possibly configure carbon offsets, would ensure broader caps for the industrial sector. Thus, a stronger (political) position by the Brazilian industrial sector against deforestation seems a natural least cost strategy [58] , reducing the impacts of an eventual CPI over its competitiveness in the mid-run (or at least until 2030), since there would be more room left for increasing the industrial sector emissions.
Benchmarks can provide a basis for the allocation of permits in an ETS [6] , usually based on the (past) production of (reference) companies. Table 2 compares the world and the Brazilian averages on emissions intensity, in tons of CO 2 per tons of product. Although the average values may show a large spread due to the different structures and processes, a national (or international) average can serve as a benchmark for comparing the country's exposure to a carbon price, assuming a similar worldwide policy. For instance, when compared to the global average, the Brazilian Pulp and paper sector shows lower emissions intensity (0.2 versus 0.8-0.9), and the same happens to the non-ferrous metals sector (5.6 versus 9.1-9.6). Other sectors show average emissions intensity closer to the global average. For instance, iron and steel (1.3 versus 1.6-2.2) and non-metallic minerals (0.7 versus 0.6-0.8). The average emissions intensity of chemicals, in Brazil, is low (0.3), but there was no information available for the global average due to the sector heterogeneity.
Thus, defining a metric for carbon pricing based on international benchmarks could not provide incentive to lower Brazil's sectorial emissions. Moreover, the Brazilian industry is not homogeneous, especially regarding technology. Thus, a national benchmark based on the most efficient plants could provide a better metric than an international benchmark. The difficulty relies on obtaining historical data. For some sectors, studies are not available, and research is required to establish national benchmarks [57] .
Impacts of Carbon Pricing on the Brazilian Industry
Section 2 indicated that the configuration of the Brazilian climate policy is uncertain in terms of mechanisms and economic instruments for carbon pricing. Such a conclusion becomes much more complex after the analysis made in Section 4, that revealed the GHG emissions profile of Brazil's industrial sectors.
Different efforts have been made to determine the (social) cost of carbon at both global and national levels. Regarding an ETS, such mechanisms are spreading around the world and new additions have nearly tripled the share of global emissions covered by emissions trading since the launch of the EU ETS in 2005 [6] . According to the 2018 Emissions Trade Worldwide Report from the International Carbon Action Partnership (ICAP), almost 15% of global emissions (7.4 GtCO 2 e) are currently covered by ETS. Economies with an ETS in place produce more than 50% of the global GDP and are home to almost a third of the global population [6] . These numbers reflect the steady expansion of ETS mechanisms and the strengthening of their implementation around the world. However, the average price for allowances varies a lot. In 2017, for instance, it shifted from US$3.76/tCO 2 e, in the Regional Greenhouse Gas Initiative (RGGI), to US$18.30/tCO 2 e, in the Korean Emissions Trading Scheme (KETS) [6] .
The same happens when looking at carbon taxes. In terms of specific recommendations for a carbon tax, Nordhaus [73] suggested a value of US$30/tCO 2 e, while the Stern report recommended a much higher tax of over US$300/tCO 2 e globally [77] . According to [24] , Japan has the lowest initial value of the tax (equivalent to US$2.54/tCO 2 e, US$2016), and Norway, the highest, reaching up to US$54/tCO 2 e (US$2016). Other studies show different average values such as US$65.77/tCO 2 [75] , varying from US$4.53/tCO 2 to US$237/tCO 2 [78] . That is, the carbon tax values indeed vary considerably.
Discussing and defining the price of carbon demands an analysis of its impacts on the Brazilian industry. For this purpose, indicators of the impacts of carbon pricing in terms of sectorial value added (VA), emissions intensity, and international trade exposure were applied, following the methods described in Section 3. The results represent the cost of carbon in relation to the sectorial VA, i.e., how much the carbon pricing could impact the return on the production factors (capital, labor) of these industries, under the conservative assumption that the sector does not abate any emissions. For all sectors, the impact of a carbon price of US$10/tCO2 would be less than 6% of the sectorial VA and would be less than 15% for values up to US$25/tCO2. Pulp and paper and chemicals would not face high impacts of carbon pricing even for a carbon price of US$50/tCO2.
As described in Section 4, another possibility of interpreting the impacts on the sectorial VA is to simulate a carbon price according to different levels of reduction in absolute emissions. Table 3 shows the impacts (in terms of % of the sectorial VA) of internalizing a carbon price for the year 2010. The priced emissions are the total emissions minus the reduction of emissions, varying from 0% to 45%. The values are calculated for different carbon prices, ranging from US$10/tCO2 to US$50/tCO2.
For a carbon price of US$10/tCO2 results show impacts below 3.1% for all the sectors, with values ranging from 0.5% (pulp and paper under a 45% emissions reduction scenario) to 3.1% (iron and steel under a 5% emissions reduction scenario). These impacts grow for higher carbon prices and could reach 27.1% for iron and steel under a 5% emissions reduction scenario with a US$50/tCO2 carbon price. Pulp and paper and chemicals showed the lowest impacts on the sectorial VA, even with higher carbon prices (US$50/tCO2). For the former, this can be explained by the share of black-liquor in final energy consumption, while for the latter it derives from the higher VA of chemical industry facilities. The results represent the cost of carbon in relation to the sectorial VA, i.e., how much the carbon pricing could impact the return on the production factors (capital, labor) of these industries, under the conservative assumption that the sector does not abate any emissions. For all sectors, the impact of a carbon price of US$10/tCO 2 would be less than 6% of the sectorial VA and would be less than 15% for values up to US$25/tCO 2 . Pulp and paper and chemicals would not face high impacts of carbon pricing even for a carbon price of US$50/tCO 2 .
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For a carbon price of US$10/tCO 2 results show impacts below 3.1% for all the sectors, with values ranging from 0.5% (pulp and paper under a 45% emissions reduction scenario) to 3.1% (iron and steel under a 5% emissions reduction scenario). These impacts grow for higher carbon prices and could reach 27.1% for iron and steel under a 5% emissions reduction scenario with a US$50/tCO 2 carbon price. Pulp and paper and chemicals showed the lowest impacts on the sectorial VA, even with higher carbon prices (US$50/tCO 2 ). For the former, this can be explained by the share of black-liquor in final energy consumption, while for the latter it derives from the higher VA of chemical industry facilities. Table 3 . Impact on sectorial VA (%) according to carbon price (in US$/tCO 2 ) and emissions reduction (% over total)-year 2010. Source: own elaboration based on [68, 69] . Table 3 . Impact on sectorial VA (%) according to carbon price (in US$/tCO2) and emissions reduction (% over total)-year 2010. Source: own elaboration based on [68, 69] . If the carbon price were fully internalized by the industry (e.g., via a carbon tax or ETS with auction), the results presented in Table 2 reveal an upper limit for the mitigation cost as a share of VA. In other words, the difference between the emissions reduction levels (5-45%) and the case with no emission reduction (0%) expresses the maximum cost of a carbon pricing (as a share of VA), assuming the respective level of mitigation. For instance, by mitigating 45% of the pulp and paper emissions, considering a carbon price of US$10/tCO2, total expenditure of the sector would be 0.3% of its VA.
Sector

Sector Carbon Price (US$/tCO2) % Reduction in Sectorial Emissions
The range of reduction from 35% to 45% covers the same range of the NDC target (for the year 2025 and 2030) and could express the upper limits for the mitigation cost in a scenario where the NDC target is divided homogeneously between all the sectors in the economy (LULUCF, industry, etc.). Again, considering a carbon tax of US$10/tCO2, the cost of mitigation of reducing emissions from 35% to 45% could represent an impact of 0.3% to 3.7% on sectorial VA, depending on the sector assessed. Furthermore, considering a carbon price of US$10/tCO2, and the reduction target of 5% (the same as the industry plan) [57] , the total sectorial expenditure would be under 0.7%. Table 4 presents the results for sectorial emissions intensity, in tCO2/US$ millions, and for the emissions intensity classification. According to the criteria presented in Section 3, the pulp and paper and chemistry sectors have low emissions intensity (under 1000); non-ferrous metals (1248), medium emissions intensity; and non-metallic minerals (3328) and iron and steel (5525), high emissions intensity. Table 5 presents the results for the export share, the trade share and the trade exposure classification. According to the results, the pulp and paper sector is export oriented (76% of export share), while the chemicals sector is import oriented (import share varies from 14% to 32%, depending on the segment). Moreover, trade share is a metric that represents trade intensity and the exposure of the sectorial production to international trade-e.g., non-metallic minerals production is less exposed to international trade (11%) than non-ferrous metals production (52%). If the carbon price were fully internalized by the industry (e.g., via a carbon tax or ETS with auction), the results presented in Table 2 reveal an upper limit for the mitigation cost as a share of VA. In other words, the difference between the emissions reduction levels (5-45%) and the case with no emission reduction (0%) expresses the maximum cost of a carbon pricing (as a share of VA), assuming the respective level of mitigation. For instance, by mitigating 45% of the pulp and paper emissions, considering a carbon price of US$10/tCO 2 , total expenditure of the sector would be 0.3% of its VA.
Emissions Intensity, International Trade Exposure, and Risk of Carbon Leakage
The range of reduction from 35% to 45% covers the same range of the NDC target (for the year 2025 and 2030) and could express the upper limits for the mitigation cost in a scenario where the NDC target is divided homogeneously between all the sectors in the economy (LULUCF, industry, etc.). Again, considering a carbon tax of US$10/tCO 2 , the cost of mitigation of reducing emissions from 35% to 45% could represent an impact of 0.3% to 3.7% on sectorial VA, depending on the sector assessed. Furthermore, considering a carbon price of US$10/tCO 2 , and the reduction target of 5% (the same as the industry plan) [57] , the total sectorial expenditure would be under 0.7%. Table 4 presents the results for sectorial emissions intensity, in tCO 2 /US$ millions, and for the emissions intensity classification. According to the criteria presented in Section 3, the pulp and paper and chemistry sectors have low emissions intensity (under 1000); non-ferrous metals (1248), medium emissions intensity; and non-metallic minerals (3328) and iron and steel (5525), high emissions intensity. Table 5 presents the results for the export share, the trade share and the trade exposure classification. According to the results, the pulp and paper sector is export oriented (76% of export share), while the chemicals sector is import oriented (import share varies from 14% to 32%, depending on the segment). Moreover, trade share is a metric that represents trade intensity and the exposure of the sectorial production to international trade-e.g., non-metallic minerals production is less exposed to international trade (11%) than non-ferrous metals production (52%). According to the criteria described in Section 3, all sectors would face high exposure to trade, except non-metallic minerals, with medium trade exposure (11%). As a consequence, the carbon leakage could become an expected but a not-desired outcome of a CPI on the Brazilian industrial sectors. Indeed, Table 6 shows the results of the risk of carbon leakage for the Brazilian industrial sector, considering the metrics described in Section 3. Non-ferrous metals, non-metallic minerals, and Iron and steel would face a high risk of carbon leakage, because they present medium to high indicators of emissions intensity and trade exposure. In turn, chemicals and pulp and paper have high exposure to international trade, these sectors would face a medium risk of leakage, due to their low emissions intensity. 
Conclusions
Carbon pricing has increased worldwide. According to the Organization for Economic Co-operation and Development (OECD), in 2015, approximately 13% of global GHG emissions were covered by some pricing mechanism-three times the coverage of a decade ago. Approximately 40 national jurisdictions and 24 cities, states and regions have already implemented this type of instrument, representing an annual volume of 7 GtCO 2 e subject to economic regulation [72] .
After COP 21, with the adoption of the Paris Agreement in December 2015, the outlook for carbon pricing policies has been widened. While the agreement does not directly establish a global carbon pricing, the provisions set out in Article 6 have the potential to increase international cooperation in favor of mitigation through market mechanisms.
NDCs from 101 countries indicate the interest in using economic instruments to achieve their goals [17] . Brazilian NDC is one of those that considered the use of market mechanisms, although it shows no clear indication of how these instruments will be used, reserving its position to adopt the mechanisms that will be established under the Paris Agreement.
However, in Brazil, carbon pricing has been considered as a CPI since at least 2011, when the country presented its application to the PMR to support the preparation and implementation of its carbon pricing instruments. In recent years, discussions about its design and implementation have reached new heights and ongoing studies coordinated by the Brazilian Ministry of Finance (MF) are seeking to assess possible configurations and impacts of CPI on the country's economy. Nonetheless, the analysis made in Section 2 concludes that there is still an uncertainty about the configuration of the Brazilian climate policy in terms of mechanisms and economic instruments for carbon pricing.
In the context of uncertainty about the CPI to be implemented in Brazil (or its mix-hybrid mechanism), the main contribution of this paper is not to focus on its definition and design, but instead to analyze the impacts of carbon pricing in the Brazilian industry in terms of sectorial VA, emissions intensity, and international trade exposure. Although not directly addressed at the CPI level, the discussion of these instruments directly permeates the quantitative analysis carried out, especially when analyzing the impacts on VA and intensity metrics for assessing the exposure to carbon leakage. In this sense, it intends to contribute to the future definition of the CPI to be implemented in the Brazilian industry.
The Brazilian NDC quantifies some specific measures, such as reforestation and increase in the share of bioenergy in the Brazilian energy system, but there is no precise quantification regarding the industrial sector. It only mentions that the industrial sector should promote mitigation actions based on new clean technologies standards, energy efficiency measures, and low carbon infrastructure. This sector has received greater attention given the reduction of deforestation in Brazil after 2005 that implies a less stringent target for the Brazilian industry, so the AFOLU abatement measures, which configure carbon offsets, could ensure broader caps for the industrial sector.
Regarding international emissions intensity as a possible benchmark, results show that it should be analyzed very carefully. Defining a metric for carbon pricing based on an international benchmark, for almost all industrial sectors, would provide a perverse incentive, possibly increasing sectorial emissions. Therefore, defining a national benchmark based on the most efficient plants, for instance, could provide a better metric for the implementation of a CPI.
When analyzing the VA impacts for a carbon price of US$10/tCO 2 , the cost of reducing emissions from 35% to 45% (same range of the Brazilian NDC) could represent an impact of 0.3% to 3.7% on sectorial VA. Impacts grow for higher carbon prices and could reach 28.5% under a US$50/tCO 2 carbon price. Pulp and paper and chemicals show lower impacts on the sectorial VA, even with higher carbon prices (US$50/tCO 2 ) and lower emissions reduction. Also, with regard to the emissions intensity classification, pulp and paper and chemistry sectors have low emissions intensity; non-ferrous metals, medium emissions intensity; and non-metallic minerals and iron and steel, high emissions intensity. Related to the international trade exposure analysis, results show that all sectors would face high exposure to trade, except Non-metallic minerals, with medium trade exposure. Consequently, carbon leakage could be considered as an expected outcome. Non-ferrous metals, non-metallic minerals, and iron and steel would face a high risk of carbon leakage, while chemicals and pulp and paper, face a medium risk of leakage.
Finally, in terms of implementing a CPI, if designed as a carbon tax or an ETS without free allocation (auctioning), the carbon pricing could generate revenues, which could enable the implementation of long-term social policies and short and medium-term compensatory policies. Different methods of recycling revenues are possible, for example, by reducing other taxes, by allocating it to families, by supporting the industry, by investing in climate funds, or by directing it to the central government budget. Thus, as discussed before, the adoption of some recycling alternatives-which were not considered in the scope of this paper-could lead to a reduction of sectorial impacts on competitiveness.
Author Contributions: The paper was produced with close collaboration between the authors. L.S. and R.G. drafted the version of the paper, developed the content, and wrote the paper. A.F.P.L. and A.S. supervised the research, contributed to conceiving and designing the research framework, and reviewed the content. All authors read and approved the final manuscript.
Funding: This research was funded by the National Council for Scientific and Technological Development (CNPq).
